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ABSTRACT
Aluminum of cylindrical profile (of diameter 1–4 mm) was trailed by laser metal wire deposition for potential riveting applications. The
rivet was built onto a Ti6Al4V substrate through a hole in an AA6061 sheet. The built feature was postprocessed by a high-frequency laser
washing technique to obtain the desired finish. Parameter optimization has allowed increased productivity by almost seven times while
achieving required wetting conditions and metallurgical properties. It is found that the quality (both morphology and metallurgy) of the
laser rivet joint is highly dependent on the laser wash parameters. The rivet crown and welding areas improved by the postwash process
were directly reflected in the microhardness and shear tests and increased by 90% and 62%, respectively, compared with those in an
unwashed rivet.
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I. INTRODUCTION
In the aerospace and automotive sectors, lightweight structures
are increasingly needed to reduce material use and energy costs.
The dissimilar joining technology is one of the available options to
achieve the goal of lightweight structures and material saving.1,2
Titanium and aluminum have the advantage of excellent corrosion
resistance and offer lightweight benefits, and their joining has been
increasingly used in the aerospace industry.3 However, in the fusion
processing for aluminum and titanium joining, there remains a
metallurgical difficulty. Research conducted has shown that numer-
ous brittle intermetallic compounds may be formed in the thermal
process, which weaken the mechanical strength of the joint.4–6
Therefore, different processes for joining dissimilar materials have
been developed, including friction stir welding,7 riveting by
mechanical fastening,8 and adhesives.9 For dissimilar joining of alu-
minum and titanium, mechanical fastening and adhesives are
mature methods with high efficiency and lightweight merits,
but they still face the challenges of substrate penetration issue (in
riveting) and working condition requirements (in adhesives).10
Additive manufacturing (AM) is a promising technology that
can efficiently manufacture complicated components compared
with traditional subtractive manufacturing. Among the many
popular additive manufacturing methods, the powder bed fabrica-
tion process can produce complex parts precisely, and it is hard to
manufacture large metal components and structures.11,12 Directed
energy deposition (DED) methods feed and deposit materials by
energy sources like lasers, arc plasma, and electron beams.
Depending on the feedstock formation, laser metal deposition is
further classified into laser powder deposition (LPD) and laser
metal wire deposition (LMWD). As comparative methods, because
of the high accurate benefits of microfeedstock size and track of
manufacturing systems, LPD can provide higher accuracy in pro-
cessing control. However, previous research revealed that due to the
shielding issue in the powder deposition process, LPD for Ti6Al4V
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deposition increases contamination risks, which will significantly
weaken the mechanical performance of fabricated structures.
LMWD offers the benefits of enhanced deposition quality and
mass input rate regarding the solid wire feeding form.13,14
Therefore, LMWD is the preferable technique to manufacture the
titanium components in AM.
In recent research for LMWD, the metallurgical and mechani-
cal properties in a parametric study of Ti6Al4V single layer deposi-
tion were investigated,15 and macrocurve track deposition in
macroscales was explored and reported.16 For multilayer LMWD
research, hollow cylinders and cones were built in a macroscale
(8–35 mm).17 However, most laser deposition processing systems
are equipped with a lateral wire feeder, resulting in the angle issue
when building up the cylindrical feature in a minor scale.18 Other
studies investigated depositions of dissimilar materials.19,20 Most of
them used powders as the feeding material and built up multimate-
rial components with no joint.
The laser riveting (LR) concept is illustrated in Fig. 1 and
further experimental detail is explained later in Fig. 4. In this work,
a laser metal wire cylinder deposition (LMWCD) process was
developed as a feasibility study to deposit a cylindrical feature in a
minor scale, and three optimized methods [i.e., normal, high speed
(HS), and continuous spiral (CS)] were investigated in a parametric
study. Multilayer depositions were compared for productivity and
metallurgical analysis. Based on this, LR as a new process was tried
for depositing a Ti6Al4V wire through the hole in the upper
AA6061 sheet onto a substrate plate of Ti6Al4V. A subsequent
laser postscanning on the top of the deposited cylinder helped
achieve a proper crown and welding condition. The geometrical
appearance was observed and the rivet cross section was analyzed
from microstructural aspects.
II. EXPERIMENT
A. Material and system setup
In this work, the purpose of this trial study is to bind an
upper aluminum sheet with a lower titanium sheet with deposited
rivets by LMWCD (Fig. 1). Ti6Al4V (grade 5) alloy was used as
the wire and substrate material, and AA6061 alloy as the upper
sheet. The diameter of the wire is 0.8 mm, and the wire feed speed
(WFS) and duration were automatically controlled and fed by the
Binzel wire feeding system. The substrate and upper sheets were 4
and 2mm, respectively.
The LMWCD processing system setup is shown in Fig. 2(a).
The power source was a four-AXIS ytterbium fiber laser with 600W
maximum power (YLS-1000, IPG Photonics Corporation). The
LMWD system was based on (1) the wire feeding device (driving
unit and tube) with the wire nozzle being kept at 30° feeding angle
to the substrate surface; (2) for the optical condition, the focus lens
is 100 mm and the collimator is 200 mm, and the fiber diameter is
0.05 mm; (3) the laser head mounted on the motion system con-
trolled by a computer numerical control (CNC)-system with the
processing route predefined by programming; (4) the trailing shield-
ing device, using argon (gas flow at 25 l/min) to protect the titanium
welding pool from the oxidation and contamination.
B. LMWCD design
Very limited information can be found in open literature for
producing a cylindrical profile on a minor scale. The basic additive
layer manufacturing (ALM) method was thus adopted in circular
deposition, as shown in Fig. 2(b). However, because the angle
FIG. 1. Schematic of the laser riveting concept.
FIG. 2. Experimental setup and methodology: (a) LMWCD processing system
and (b) circular deposition path strategy in the feasibility study.
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between the laser scanning and the feeding wire kept changing
during the circular processing, the material was not uniformly
melted and deposited. To solve this problem, a laser scanning wash
path was added after deposition [Fig. 2(b)], leading to the spread-
ing flow of the melt material over the target area. This also helped
us to remove defects such as porosity and small cavities inside the
deposition. The geometrical appearances, microstructure, and
microhardness evaluations of the multilayer deposition produced
are discussed later in Sec. III of this paper.
The duration of the processing time is one of the significant
factors for potential industrial application, which directly influences
efficiency and cost for the manufacturer. A further study aiming to
reduce the total processing time for LMWCD was carried out with
three different deposition strategies being developed in a parametric
study. The circular path deposition was used as the initial control
strategy named as the normal method (NM). Based on the normal
method, an HS deposition method was designed to reduce the total
processing time. The deposition and wash path speeds were
doubled, and the cooling time between the deposited layers was
reduced by half. A high-speed spiral (HSS) method was also
designed. Still using the CS method (Fig. 3), the HSS process starts
from the substrate and continues depositing the wire without a
break until the final layer reaches the required height. This saved
time from cooling steps and the wash path compared with ALM
(NM and HS). The laser head is an IPG D30 welding head, and the
1.6 mm defocus beam spot is applied in the conduction welding
mode; the setting of the processing parameters in all three deposi-
tion methods is listed in Table I.
C. LR procedures
The HSS deposition method was applied in the laser riveting
concept; a titanium mushroomlike feature was to be built through
the hole in the upper AA6063 sheet to interlock the substrate and
the joint sheet. The diagram of LR procedures and processing posi-
tions is shown in Fig. 4. Because of the obstacle issue between the
wire feeding angle and the size of hole (∼4 mm diameter), the wire
tip position had to be put at an offset height against the substrate,
and the wire was kept at constant feeding in the first couple of
seconds to build up the base additive layer and was continued with
the spiral deposition. Following this, a high-frequency laser scan-
ning (450W, 0.3 mm beam spot, 4 mm scanning diameter circle
with 200 Hz frequency) named postwash procedure was imple-
mented by the IPG D30 wobbling function, on the top of deposi-
tion for 12 s to improve the joining condition and geometrical
shape of the deposited rivet. Deposited rivets without and with
postwash were compared, and their cross sections were evaluated
by microstructure analysis and microhardness tests.
III. RESULTS
A. LMWCD feasibility study
Four-layer cylinder-shaped depositions were built by the circu-
lar path strategy using the additive layer method, as shown in
Fig. 5(a). The wash path implemented at the end of each layer led
to melted liquid spread over the surface of the deposited feature,
providing a proper shielding finish. The finished rivets were cut,
polished, and etched for microscopy (OM, Leica DMR) and SEM
observation.
Ti6Al4V alloy contains hcp structure α and bcc structure β
phases. They are commonly stabilized by aluminum and vanadium,
respectively; depending on the heat treatment for the material, the
phase change occurs and influences the mechanical performances
of the alloy microstructure.21 The microstructure map of the cross
section of the finished deposit is shown in Fig. 5(b). Depending on
the influence of the thermal history and phase transformation in
FIG. 3. Designed LMWCD methods in the parametric study: (a) ALM deposition method and (b) CS deposition method.
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the process, the cross section is divided into three basic microstruc-
ture zones: the base material (BM), the heat-affected zone (HAZ),
and the fusion zone (FZ) with added material (AM). This is in
agreement with previous research using straight-line LMWD for
single and multiple layer depositions.14,22 The dissolution
temperature TDiss, approximately 708 °C as suggested in Ref. 23, is
the starting point of the transfer from α-dissolution to β grains
under equilibrium heating conditions and is classified by the peak
temperature the substrate material undergoes. In HAZ, part of α
dissolves into β grains, and in the upper area of the zone, the tem-
perature was above the β-transus point and globular prior β grains
were formed. In the fusion and added material zones, all materials
were melted during the process, and columnar β grains were char-
acterized. Acicular, Widmanstätten, and basket-weave structures
can be observed in higher magnification.
Further grain detail was attained in the 200 times magnifica-
tion photo taken by an optical microscope; the heat accumulation
and cooling rate differences reflected on the middle columnar β
grain and top equiaxed β grain areas are shown in Figs. 5(c)
and 5(d), respectively. At the middle position, the relatively fast
cooling condition occurred under the heat transfer from the base
substrate, and the acicular α thus formed and refined by the repeat
thermal cycles in the deposition and washing processes. However,
in the top layer area, the last layer wire was melting on the depos-
ited heated cylinder feature, and the temperature reaches the peak
point and then slowly decreases to the room temperature under the
air cooling condition, which led to the primary boundary and
colony α grains generation. The above results show a high agree-
ment with Ref. 24, which recorded the similar grain transmission
phenomena in the macroscale straight-line LMWD, and revealed
the α in various cooling conditions.
In addition, equiaxed β grains and a segregation band were
formed in the last layer deposition, mainly because of the adjust-
ment of power reduction and the thermal cycle. Due to the occur-
rence of remelting and annealing in the vertical area of the
multiple layer DED, along with the decrease of heat effect from the
melting pool, the segregation bands normally appear after the four-
layer deposition in the processes of thin-walled LMWD and
wire-arc additive manufacturing according to Refs. 25 and 26. In
this riveting work, in order to control the deposition and solidifica-
tion behavior to achieve a higher height, the deposition and wash
path power inputs were reduced from 450 to 300W in the third
and fourth layers, respectively. It caused the early formation of seg-
regation bands between the third and fourth layers, and the segre-
gation curve clearly reflects that higher temperature went through
the outer circular path. On the other hand, the lower heat input
also led to a faster solidification, and the wash path only partly
remelted the deposited material on the surface; thus, the liquid was
of help on the top of the deposition to build a higher feature with a
more desirable aspect ratio.
As seen in Fig. 5(b), no major defects such as pores and
cracks were observed in the cross section. To evaluate the
strength of the deposit, a microhardness test (Vickers) was
carried out on the etched cross section with a 0.1 kg (HV0.1)
force, and the result is shown in Fig. 6. The highest hardness
(597) was measured in the final layer, where the material was
deposited in the last track with the martensitic formation follow-
ing a rapid cooling ratio. The segregation bands that underwent
repeated thermal cycles attained higher hardness, while the rest
of the AM and HAZ zones were hardened by solid solution, dis-
location, and boundary hardening, which also increased the
hardness compared to the BM.27
TABLE I. Processing parameters of LMWCD and LR methods.
Deposition method NM HS HSS LR
Power range (W) 300–600 600
WFS (mm/s) 4.1 7.2 17
Deposition travel speed (mm/s) 0.75 1.5 1.5–3 2
Wash path speed (mm/s) 1.5 3 NA
Cooling gap (s) 8 3
FIG. 4. Diagram of the LR processing: (a) rivet deposition and (b) high-speed
laser postwash.
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B. LMWCD parametric study
In order to increase the height of the cylinder deposit, trials of
six-layer depositions by NM, HS, and HSS were carried out.
Figure 7(a) shows the processing time of the three methods, taking
from 87 s to build up a xi-layer deposition by NM to 38 s by the
HS with a 56.3% reduction, and further to 13 s by HSS, at an 85.1%
reduction in time and 6.7 times productivity compared to the origi-
nal normal deposition method.
For the geometrical dimensions of depositions fabricated by
different methods, although the wire feed speed was increased by
the HSS method, the wire deposition time was much shorter than
NM and HS processes. The expected deposition volume (Vexp) of
HSS was still less than the other two methods. However, there was
only little change in the geometrical dimensions of these three
depositions. Due to the power reduction and higher motion speed,
the energy accumulation in HSS was lower than that of HS. A
faster solidification led to a higher built feature for the HSS
process. On contrary, heat accumulation prevented the deposition
height growth in HS for the short cooling time in the layer gaps,
resulting in a lower height and higher aspect ratio of the
deposition.
The corresponding outlooks of the deposits can be seen in
Fig. 7(b), the normal deposition shows the same microstructure
with feasibility results in Fig. 7(c), and the cross section overviews
of HS and HSS were presented in Figs. 7(d) and 7(e), respectively.
Both of them obtained the intact section without the significant
defects of pores and cracks, which normally occurred in the
welding area. In addition, because these three deposition methods
were all designed from the general layer additive manufacturing
(LAM) concept, their macrostructure section overviews consisted
with similar structures, the equiaxed β, columnar β, and globular
prior β grains were observed in order from top to the weld areas.
However, still some detailed differences were observed; the segrega-
tion band shows a strong relationship with the layer cooling steps,
and the HS deposition shows a wider area of segregation bands
since the faster thermal cycles and subsequent cooling gaps. On the
contrary, only one narrow band is generated in the HSS deposition
FIG. 5. Four-layer cylinder deposition built by additive layer method: (a) outlook of the cylinder feature; (b) microstructure map of the cross section; and the detail
microstructure in the (c) middle and (d) top areas.
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regarding the continuous deposition process, and it also causes a
higher heat accumulation and faster cooling rate inside, which
increased the β grain size and reduced its number.
C. LR results
A number of rivets were made by the HSS method for joining
between the Ti6Al4V substrate and the AA6061 sheet. Due to the
restriction of the hole size and the feeding angle, wire feeding is
started from a certain offset height, which limited the wetting and
welding area between the deposition and substrate. Therefore, to
improve the feature, a laser postwash procedure was carried out
after the rivet deposition. Figure 8 illustrates the processing of LR
deposition and postwash. Same as HSS cylinder deposition, a defo-
cused laser was released onto the left side of the substrate in the
hole and continued melting the surface to create a proper wetting
condition for wire deposition [Fig. 8(a)]. Once the feeding wire was
deposited onto the substrate and the first layer was established, the
HSS strategy was executed by the CNC system to build up a six-
layer deposition in the hole [Figs. 8(b) and 8(c)] gradually. To
improve the welding area and the crown feature, a high-frequency
laser wash procedure was then implemented on top of the
FIG. 6. Microhardness profile measured at the cross section of four-layer
cylinder deposition.
FIG. 7. Comparison of six-layer deposition built by three
different LMWCD methods: (a) total processing time and
geometrical dimensions; (b) outlook appearance; and
their section microstructures of (c) NM, (d) HS, and (e)
HSS methods.
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deposited rivet, shown in Fig. 8(d), and after a certain duration
(e.g. 3–12 s), the surface tension on the top was broken and a new
flatter crown was formed.
The geometrical results between the original and postpro-
cessed rivets are illustrated in Figs. 9 and 10, which show the
FIG. 8. Process recording of LR joining: (a) substrate surface prewetting, no deposit; (b) initial root deposition of the rivet, 1 mm deposition height; (c) rivet building at final
circle layer, 6 mm deposition height; (d) postwash process on the top of the rivet, 5 mm final deposition height.
FIG. 9. Outlooks of rivers built by LR before and after 12 s laser washing
postprocess.
FIG. 10. Geometrical comparison results between original and postwashed
rivets.
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differences in the rivet height, diameter, and welded area between
the rivet and the substrate. The flatter and larger diameter of the
rivet crown after 12 s postwash not only interlocks the two joined
sheets more properly but also provides a higher pulling strength for
the joint with increased rivet diameter and contact in the joint.
The cross section views of the original and postwashed rivets
are shown in Figs. 11(a) and 11(b) showing differences in the
crown and weld. A prolonged period of laser scanning resulted in
remelting of the originally deposited rivet. The combined effects of
high-speed scanning melting the rivet deposit and gravity condens-
ing the molten material resulted in the molten liquid flowing
downward. This enlarged the welding area and reformed the geo-
metrical shape of the rivet, resulting in a tighter fit onto the trunk
(AA6061 upper sheet).
Due to the heat input and accumulation in the postwash
process, the deposited rivet was completely remelted and partly
diluted into the original fusion zone. The cross section views of the
original and postwashed rivets are shown in Figs. 11(a) and 11(b)
with clear differences in the crown and weld. The combined
effects of high-speed scanning melting the rivet deposit and
gravity condensing the molten material resulted in the molten
liquid flowing downward. This enlarged the welding area and
reformed the geometrical shape of the rivet, resulting in a tighter
fit onto the trunk (AA6061 upper sheet). Near the weld area,
larger HAZ and FZ areas were observed in Fig. 12(b), and the
measured FZ depth was increased from hFZ0 ¼ 0:29mm in the origi-
nal rivet to hFZ1 ¼ 0:73mm measured in the postwashed rivet.
Moreover, the weld diameter was increased from Dw0 ¼ 1:97mm in
the original rivet to Dw1 ¼ 3:05mm in the postwashed rivet; the cor-
responding welding area was expanded from 3.05 to 7.31mm2 by
the postwashing process. Therefore, after the postwash process, the
larger fusion zone and reformed rivet shape improved the welding
FIG. 11. Cross section overview of the (a) initial rivet and (b) postwashed rivet, and the microstructure map in the crown area of the (c) initial rivet and (d) postwashed
rivet.
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area, which lead to enhanced shear and pulling strengths of the
rivet.28,29 From the multiple postwash trails on the original rivets,
the average of welding diameter measured was 50.8% increased. In
addition, compared to the original rivet in Figs. 12(a), the remelting
process consolidated voids and gaps between the deposit and upper
sheet are shown in Fig. 12(b), and the reformed deposition shape
raised the deposition wetting angle θ. After the postwash, compared
with the original rivet, the left wetting angle at deposition root was
increased from θl0 ¼ 44 to θl1 ¼ 88, and the right angle was
increased from θr0 ¼ 52 to θr0 ¼ 86 in the postwashed rivet,
which improves the load-bearing condition.30,31 For the microstruc-
tural comparison, HAZ depth and the number of columnar β were
increased after the postwash; the deeper and denser grain boundaries
might enhance the joining quality in this case as well.32
The microstructure of the original rivet shows a similar map
with HSS deposition, and the regular Widmanstätten structure was
observed on top of the deposition in higher magnifications in
Fig. 11(c). However, it is worth noting that an obvious phase
change occurred in the crown area of the postwashed rivet in
Fig. 11(d), where plenty of dense primary-α-like grains were
formed instead of the basket-weave structure. This is very rarely
recorded in reports on LMWD research. One possible assumption
is that the remelting status of the material had been maintained in
the postscanning process and then followed with a slow air cooling
from a high temperature (above 2000 °C) to the ambient one. This
special thermal history caused the formation of the primary-α in
the remelted crown. Another possible scenario is that a small part
of the aluminum surface was cut by a high-velocity laser beam in
the postscanning, the particles were splashed into the melt pool,
and this increased the aluminum fraction in the material that
enhanced the stabilization of the α phase.33 There is a need for
further metallurgic analyses and tests on these aspects.
The grain phase differences between the rivets without and
with the postwash are also reflected in the microhardness curves in
Fig. 13. Due to the difference presented on the microstructure, the
crown area of the postwashed rivet was measured with a higher
hardness with an average of 750 HV1, which is 90% increased com-
pared to the average of 395 HV1 in the unwashed rivet. In the laser
wire deposition for the Ti6Al4V, grain boundaries and dislocation
distribution of the α and β phase structures appeared in the micro-
structure dominantly influence the hardness;34 therefore, the
extremely higher value in the postwashed crown area is mainly
because of the large crowded primary α grains formed.
FIG. 12. Observation in the welding areas of the (a) initial rivet and (b) postwashed rivet.
FIG. 13. Microhardness comparison results for the initial (0 s) and postwashed
(12 s) rivets.
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The unwashed rivet, however, presented a slightly higher
hardness near the substrate surface due to a narrower welding area
and columnar grain boundaries, which show an agreement with
Ref. 15. Except the two locations discussed above, no obvious dif-
ference was found in other areas such as AM, HAZ, and BM,
which were also consistent with the microstructure observations.
Because currently there is no commercial used titanium rivet
for the dissimilar joining aim, instead, as one of the commonly
used mechanical rivets in aerospace applications, a 4 mm 6 series
blind rivet made of aluminum alloy body and carbon steel mandrel
was selected for comparison.35 The shear specimen’s dimension is
125 × 30mm2 with thicknesses of 2 mm and 4mm, respectively, for
the AA6061 upper sheet and Ti6Al4V substrate; the tests were con-
ducted by Instron B910 and test velocity was set to 10 mm/min.
The shear tests of unwashed, postwashed LR, and the blind rivet
joints were carried out. The corresponding load-displacement
curves are plotted in Fig. 14.
All of the rivets failed near the welding and connection area on
the substrate surface where the shear force was primarily loaded.
Because of the superior ductility of forged aluminum, the blind rivet
showed the largest elongation (1.02mm) compared to the two tita-
nium LRs. However, for the peak shear strength, due to the higher
strength of the Ti6Al4V alloy, the unwashed rivet also reached
1.28 kN, close to that of the blind rivet at 1.46 kN. Thanks to the
enhanced thorough welding connection, the postwashed rivet gave
the best overall performance, which not only presented a reasonably
good ductility with 0.75mm maximum displacement but also
showed the highest peak shear load of 2.07 kN, with an increase of
61.7% and 41.8% compared to the unwashed LR and the blind rivet,
respectively. The benefit of postwash was clearly demonstrated.
The microhardness of the original and postwashed rivets does
not show a big difference because due to similar microstructures.
As such, they should have a similar stress-strain curve at the welded
location. However, the postwashed rivet has a larger welding area
(Fig. 14); thus, in the load-deformation curve, the maximum shear
load of the postwashed rivet is higher than that of the original
rivet, in accordance to their welding areas.
IV. CONCLUSION
The feasibility study of LR has confirmed that the cylinder
deposition can be built by the HSS method, and a proper cross
section overview was observed in the microstructure without major
defects such as porosity or cracks. The strength of the deposit was
also tested by the microhardness measurements. Based on the
study, the following conclusions can be drawn:
• Compared with the normal deposition method, the optimized
HSS has a much higher productivity. It compresses the total
process time from 87 to 13 s for a similar height feature, leading
to improved productivity by 6.7 times.
• Energy input has a negative correlation with the deposition
height but positive with the mass input.
• The postwash process improves the geometrical dimensions for
both the crown and welding area of the rivet, leading to a large
number of equiaxed α phases and increased microhardness.
• LR rivets provide comparable ductility and strength to a mechan-
ically produced aluminum blind rivet, and the postwash process
can help us to improve the strength by 62%.
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